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The magnetic lattice of mixed-valence Mn ions in Lao.7Sro.3MnC>3 is selectively diluted by partial 
substitution of Mn by Al or Ti. The ferromagnetic transition temperature and the saturation mo- 
ment decreases with substitution in both series. The volume fraction of the non- ferromagnetic phases 
evolves non-linearly with the substitution concentration and faster than theoretically expected. By 
presenting the data in terms of selective dilutions, the reduction of T c is found to be scaled by the 
relative ionic concentrations and is consistent with a prediction derived from molecular-field theory. 

PACS numbers: 75.10.Hk, 75.30.Cr, 75.30.Et, 75.47.Lx 



I. INTRODUCTION 

Perovskite manganites with the general composition 
(i?,^4)Mn03 (R: rare earth, A: alkali elements) are at- 
tractive to scientists not only because of their poten- 
tial applications but also due to their very rich and in- 
triguing physics. While most of the pristine compounds 
i?MnC>3 are (insulating) antiferromagnets due to anti- 
ferromagnetic (AF) superexchange (SE) interactions be- 
tween Mn 3+ ions, the introduction of divalent alkali 
cations such as Sr 2+ , Ca 2+ , or Ba 2+ into the composition 
converts an adapted number of Mn 3+ to Mn 4+ that in 
turn gives rise to the Mn 4+ — 2 ~ — Mn 3+ ferromagnetic 
(FM) double-exchange (DE) 1 interaction. The presence 
of DE couplings can turn an insulating antiferromagnctic 
manganite into a ferromagnet with metallic conductiv- 
ity. It has been widely accepted that, along with lattice 
distortions 2 * 3 ^ and phase segregation phenomena, 5 the 
DE mechanism plays a very important role in governing 
the properties of manganites. 

Perovskite manganites have been intensively studied 
in the last decade since the discovery of the Colos- 
sal Magneto-Resistance (CMR) phenomenon^ Chem- 
ical substitution has been widely used as a conven- 
tional method to uncover the underlying physics and 
to search for compositions with novel properties. Re- 
sults for both R- and Mn-site substitution have been 
quite well documented in the literatures. For mangan- 
ites with a Mn 3+ /Mn 4+ ratio of 7/3, substitution of 
different elements at the rare-earth site has shown that 
magnetic and transport properties of many manganites 
depend rather systematically on the average ionic size, 
( r A) — ^2iHi r i, an d the ionic size mismatch defined 
as a 2 — Y^iVi r i ~ { r A) 2 (where yi is the fraction and 
Ti the ionic radius of the ith species occupying the R- 
site)^ i-e. on the degree of GdFe03-type lattice dis- 
tortion and lattice disorder. However, despite many at- 
tempts at modifying the magnetic lattice of Mn ions 
by direct substitution at the Mn-sites, the complexity 



caused by too many factors that govern the properties of 
the materials, no universal features have been revealed 
to date. In this paper, we report that the reduction of 
the ferromagnetic ordering transition temperature T c of 
Lao.ySro.aMni^M^Os (M' = Al, Ti) scales with the rel- 
ative substitution concentrations and is consistent with a 
prediction from molecular-field theory (MFT) of the dilu- 
tion of a magnetic lattice. The substitutions with Al and 
Ti are selective in nature because Al 3+ only substitutes 
for Mn 3+ and Ti 4+ only for Mn 4+ . Another advantage 
of these substitutions is that because Al 3+ and Ti 4+ ions 
do not carry a magnetic moment, they are also expected 
not to participate in the magnetic interaction. 



II. EXPERIMENT 

In this paper, Lao.7Sro.3Mni_2;M^03 is denoted as 
LSMA^ for M' = Al and LSMT^ for M' = Ti. All the 
samples were prepared using a conventional solid state 
reaction method. Pure (>99.99%) raw powders with ap- 
propriate amounts of La203, SrC03, MnC>2, AI2O3, and 
Ti02 are thoroughly ground, mixed, pressed into pellets 
and then calcined at several processing steps with in- 
creasing temperatures from 900 °C to 1200 °C and with 
intermediate grindings and pelletizations. The products 
are then sintered at 1370 °C for 48 h in ambient atmo- 
sphere. The final samples are obtained after a very slow 
cooling process from the sintering to room temperature 
with an annealing step at 700 °C for few hours. Room- 
temperature X-ray diffraction patterns (measured by a 
SIEMENS-D5000 with Cu-K a radiation) show that all 
of the samples are crystallized in perovskite rhombohe- 
dral structures with almost no sign of secondary phases 
or remnants of the starting materials. The crystal struc- 
tures obtained for the samples are in agreement with 
earlier structural studiesi&SiifliiiiiS Transport and mag- 
netotransport measurements were carried out in a non- 
commercial cryostat using the standard 4-probe method. 
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FIG. 1: Field-cooled magnetization as a function of 
temperature for (a) Lao.TSro.sMni-^AbjOa and (b) 
Lao.TSro.aMm-zTLOa, measured in H = 100 G. The 
zero-field-cooled Mzfc(T) (T) of the x = 0.3 sample is added 
for further discussions. 



Magnetic and magnetization measurements were per- 
formed in a Quantum Design MPMS SQUID magne- 
tometer and (sometimes) by a Vibrating Sample Mag- 
netometer (VSM). 



A. Temperature dependent characterization 

Temperature dependent magnetization measurements, 
M(T), in both zero-field-cooled (ZFC) and field-cooled 
(FC) protocols, are carried out for all the samples. 
The FC M(T) curves presented in Fig. 1 clearly in- 
dicate that the substitution of Al or Ti for Mn causes 
the ferromagnetic-paramagnetic (PM) transition temper- 
ature T c to drop drastically. The reduction of T c in the 
case of Ti substitution is much more substantial. The 
FM-PM transition is very sharp at small x concentra- 
tions for both doping series but becomes broader with 
increasing x. A transition is observed for all the sam- 
ples, even with LSMT .3 where Mn 4+ ions are supposed 
to be completely absent. However, as is implied by the 
ZFC and FC M(T) curves in Fig. □ the LSTMT . 3 
sample is not a true ferromagnet, nor a pure spin glass 
as has been suggested in Ref. 12 for this composition. 
This last conclusion is also corroborated by the fact that 
our frequency-dependent ac-susceptibility measurements 
X ac (T, w) (not shown) do not indicate a dynamic phase 
transition. The M(T) curves for this sample probably 
suggest the existence of an AF background state with a 
weak ferromagnetic component — possible indications of 
a canted antiferromagnet, as was proposed in Ref. 10. 
The T c vs. x data extracted from the M(T) curves for 
all samples are plotted in Fig. 0] and will be discussed 
later in detail. 

Temperature dependent transport measurements for 
both series show that the resistivity, p, strongly increases 
with increasing x while the metal-insulator (MI) transi- 
tion usually observed at a temperature T p near (but lower 
than) T c is shifted to lower temperatures. The MI tran- 
sition is observed in all of the LSMA^ samples while it 
can only be observed in LSMTz for x up to 0.1. For 
LSMT0.2, the MI transition is no longer observed, but 
there still exists a slope change in the p(T) curve at a 
temperature below T c signalling a magnetic contribution 
from the FM phase to the conductivity. In agreement 
with the magnetic behavior, the LSMT0.3 sample only 
shows insulating characteristics. 



B. Magnetization characterization 



III. RESULTS AND DISCUSSION 

Magnetic, transport, and magnetotransport character- 
ization of LSMAa and LSMTj, compounds has been re- 
ported previously by other authors and can be referenced 
in a number of publicationsAiLiSiAiiiSiiii Although consis- 
tent tendencies as to the variation of e.g. the transition 
temperature and saturation moment with doping con- 
centration have been found, there is significant scatter in 
the data in-between the different studies. In the current 
work, the essential characteristics are carefully measured 
and reexamined. 



The theoretical zero-temperature spin-only saturation 
magnetization (in cmu/g) of the LSMA^ and LSMT^ 
compounds follow 

J (3.7- 4.x)10 3 /(40.548 - 5.0062:) if M' = Al , . 
s ~ \ (3.7 - 3x)10 3 /(40.548 - 1.801a;) if M' = Ti. W 

For the LSMA^ series, magnetization measurements at 
T = 5 K (the inset of Fig. 2) indicate that the sam- 
ples are substantially saturated in an applied field of just 
above 1 T. At higher fields, the LSMA and LSMA . 5 
samples exhibit flat M(H) dependencies as expected for 
conventional ferromagnets at high fields and low tem- 
peratures. Closer inspection on the M(H) curves for 
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FIG. 2: Lao.ySro.aMni-^AUOs: Theoretical M s vs. x cal- 
culated from equation (bold curve without symbols) and 
experimental M s data (thin curve with symbols) extracted 
from M(H) measurements at 5 K (inset). 
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FIG. 3: Lao.TSro.aMm-zTizOs: Theoretical M s vs. x cal- 
culated from equation (bold curve without symbols) and 
experimental M s data (thin curve with symbols) extracted 
from M(H) measurements at 5 K (inset). 



x > 0.1 shows, however, that they are quite linear in the 
high-field regime up to 4.5 T with a small slope which 
increases with x. The small slope would come from the 
suppression of thermal fluctuations of the magnetization 
by the magnetic field. However, the evolution of the slope 
of the M(H) curves with x in the high field regime may 
signal a magnetic contribution from certain Mn ions that 
do not take part in the ferromagnetic phase. In addi- 
tion, for the whole series, the measured magnetization in 
magnetic fields up to 4.5 T does not reach the theoret- 
ical magnetization value and even deviates further with 
increasing x. Based on these features, it is presumable 
that segregation into FM and non-FM phases occurs in 
these samples. The experimental values of the saturation 
magnetization M s of the FM phase presented in Fig. 
(and also Fig. [3] for Ti substitution) are determined by 
extrapolating the linear part of the M(H) curves in the 
high field regime to H = 0. The difference between ex- 
perimental and theoretical M s is then attributed to the 
non-FM contributions, M non -FM- 

Very similar results are also obtained for the LSMT^ 
series, as can be seen in Fig. [3] Previous observations of 
the decrease of M s in Al and Ti substitutions in mangan- 
ites have been published and interpreted by several other 
authors ii2iiiii2»i4iiSi The decrease of M s was attributed 
to the dilution and the weakening of FM exchange cou- 
plings as in general. Kallel et alm& suggest even a change 
of the spin state or the orbital ordering of the Mn ions. 
The deviation between the experimental M s and its the- 
oretical values has not been adequately considered. In a 
study on Lao.rCao.sMni-^Al^Oa by neutron diffraction, 
the effective magnetic moment per Mn ion was found far 
smaller than the saturation moment and that was ex- 
plained by assumptions of magnetic inhomogeneity and 
structural disorder^ Our interpretation for the M s devi- 
ation in terms of magnetic phase segregation is somehow 
closer to that proposed for Lao.rCao.aMni-^M^Oa (M'= 
Ti, Ga) compounds by Cao et al.^ where the authors 
suggest that Ti 4+ and Ga 3+ ions generate around them 
non-ferromagnetic (paramagnetic or possibly antiferro- 
magnetic) regions. 

As pointed out above, there is a growing deviation 
of the FM saturation magnetization from the calculated 
value with increasing substitution concentration. This 
observation indicates that the substitution not only re- 
duces the total number of Mn ions but also raises the 
number of non-FM Mn ions at the expense of the FM 
phase. Since the Mn 3+ /Mn 4+ ionic concentration ratio 
is driven away from the optimal value of 7/3 by the sub- 
stitution, a certain amount of the Mn ions may become 
redundant with respect to the DE couplings. I.e., the 
selective substitution on one Mn ionic species produces 
the redundancy on the other Mn species. Those redun- 
dant ions contribute to the non-FM phase. With small 
values of x, the redundant ions are thus mostly Mn 4+ for 
M' = Al while they are Mn 3+ for the Ti substitution. 
Based on this assumption the concentration of non-FM 
Mn ions can approximately be derived from M non _pM- 
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FIG. 4: Lao.TSro.aMni-^MiOs: Variation of T c with substi- 
tution concentration x (0 < x < 0.2) for M' = Al (©) and Ti 
(□). 



For examples, with x — 0.2, the estimated redundant 
concentration of Mn 4+ is 0.187 for M' = Al and the cor- 
responding concentration of Mn 3+ is 0.064 for M' = Ti. 
With sufficiently high substitution concentrations, con- 
tributions to the the non-FM phase may also arise from 
the Mn ions of both species that are isolated by the non- 
magnetic ones. 



C. Effects of selective dilution and the MFT 
approximation 

Figure 0] shows the dependence of the FM-PM phase 
transition temperature T c on substitution concentra- 
tion, derived from the low- field M(T) data in Fig. ^ 
The T c values are determined by the temperatures at 
which the dM/dT curves peak. The parent compound, 
Lao.7Sro.3MnC>3, has T c = 364.4 K, in good agreement 
with previously reported data>i& T c decreases monotoni- 
cally as x increases in both cases. Explanations for the 
decrease of T c with Al and Ti substitution in mangan- 
ites have been suggested by several authorsAiSiiiii^ One 
explanation is simply that the decrease of T c is due to 
the suppression of long-range FM order of the localized 
i2 g spins by local breakdown of the exchange couplings 
where the substitution occurs&H Hu et al~ assumed 
that the substituted Ti 4+ ions tends to demolish the DE 
Mn 3+ — 2 ~ — Mn 4+ bonds and lowers the hole carrier 
concentration, thus suppressing the DE interaction and 
lowering T c . Kallel et aL 1Q suggested that the presence 
of Ti in LSMTa, favors SE interaction and suppresses 
the DE mechanism. Significantly, Kim et alAL recently 
found that the Ti substitution in LSMT K increases the 
Mn — O — Mn bond length and reduces the bond an- 
gle. Based on structural data, the authors calculated the 
variation of e g -electron bandwidth W , finding a decrease 
of W with x, and related it to the decrease of T c . It 



is worth noting that the ionic size of Mn 4+ (0.530 A) is 
smaller than that of Ti 4+ (0.605 A) while Mn 3+ (0.645 
A) is larger than Al 3+ (0.535 A) ml As a result, the effects 
of Al and Ti substitution on the structure, and hence W , 
may not be the same and even opposite in the two cases. 
However, in reality, T c has been found always to decrease 
with the substitution. A detailed study on the structure 
of LSMA-r may help justify the cause. 

As is seen in Fig. the effect of substitution with Ti on 
the reduction of T c (defined by AT C = T c (x)-T c (0)) is as 
much as more than twice of that of Al substitution. How- 
ever, as mentioned above, because the substitution is se- 
lective, in order to compare their effects, instead of using 
x as the common variable, the data should be presented 
as functions of relative substitution concentrations, de- 
fined as n p = x/0.7 when M' = Al and n p = x/0.3 when 
M' = Ti. Physically, n p is the average concentration of 
M' per Mn site of the selectively-substituted Mn ionic 
species (Mn 3 + for M' = Al, or Mn 4+ for M' = Ti), 
or the probability that site is occupied by an M' ion. 
Strikingly, as displayed in Figure [S] the T c (n p ) data for 
M' = Al and Ti collapse onto one curve which follows 
very well the linear line predicted by the molecular-field 
theory (see below) . It is also surprising that the linear be- 
havior of T c (n p ) of LSMT X sustains in a very wide range 
of n p and has the tendency to reduce to zero at n p = 1. 

For further understanding and analyzes of the results, 
we use a mean-field approximation to derive the relation 
between T c and n v . According to the Heisenberg model, 
the potential energy of exchange interactions of any par- 
ticular magnetic ion i with the other ions j is given by 
Ui = —2Si ■ J2j=a JijSj where Si, Sj are the spins of 
the ith and jth ions respectively; and Jjj the exchange 
integral. Ui can be rewritten as 
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where M and are the magnetic moment and the num- 
ber of magnetic ions per unit volume, respectively and 
Hi, fij are the magnetic moment of the zth and jth ions. 
For simplicity, fij 1S replaced with the average magnetic 
moment per site (/x) = jr. Assuming that the zth ion 
interacts only with its nearest-neighbor ions, but with n 
different exchange coupling constants Ji a each involves 
Zi a ions, then instead of summing over the ions j, the 
summation is made over the interactions. We can then 
recast Eq. [21 as 



Ui 



Ng 2 



t: Jit 



(3) 



According to the MFT, Ui = —fii • -Bm = ~Hi • AM and 
T c = AC, where Bm is the molecular field, and C and A 
are, respectively, the Curie and Weiss constants, Eq. [3] 
becomes 
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FIG. 5: Lao.7Sro.3Mni_a;M^03: T c is presented as a func- 
tion of relative concentration n p — x/0.7 for M' = Al 
(0) or n p = a;/0.3 for M' = Ti (□). The broken 
line presents a prediction from molecular-field theory. The 
data for Lao.7Sro.3Mno.9Alo.07Tio.03O3 (n p = 0.19) and 
Lao.7Sro.3Mno.8Alo.14Tio.06O3 (n p = 0.36) (A) are added for 
further discussions (see text for details). 



For a simple system where there is only one species of 
magnetic ion and hence one kind of exchange interaction, 
Eq. ^equals the standard expression 



2S{S+l)zJ 
3fc B 



(5) 



When the system is diluted by a substituting non- 
magnetic element, and if the substitution is completely 
random with respect to its lattice site, the dilution would 
result in a proportional dependence z(n p ) = z(0)(l — n p ) 
where < n p < 1 and z(0) refers to the undiluted system. 
Replacing z(n p ) for z in Eq. [S] yields a linear dependence 
of T c on n p as illustrated in Figure |SJ 

Nevertheless, Eq. [SJis perhaps not relevant to our man- 
ganite systems at first because of the mixed-valence of 
the Mn ions and the coexistence of different kinds of in- 
teraction including SE AF interactions Mn 3+ — 2 ~ — 
Mn 3+ , Mn 4+ - O 2 " - Mn 4+ , and the DE FM interac- 
tion Mn 3+ — 2 ~ — Mn 4+ with corresponding exchange 
constants denoted as Jsei, Jse2, and Jde, and nearest- 
neighbor interacting ions number zsei, ^SE2, and zde, 
respectively. According to Eq. a linear behavior is 
expected to be observed for T c (n p ) only if (i) the ex- 
change coupling constants are unchanged and (ii) the di- 
lution either affects Zi a in a proportional manner such 
that Zi a { n p) °c (1 — n p ) Zi a (Q) or does not affect it at 
all. Supposing that Jde, Jsei, J3E2 do not change with 
substitution, within the linearity regime of T c (n p ), it is 
presumable that the Al (or Ti) substitution leaves zse2 
(or zsei) intact but possibly changes both zde and zsei 
(or ZSE2) proportionally to 1 — n p . The most remarkable 
feature of the T c (n p ) variation in Fig. [SI is that T c has 



a tendency to go to zero when n p = 1. This would sim- 
ply mean that the z J product of DE couplings is totally 
dominant over those of the SE ones. Considering the 
fact that at low dilution concentrations, since the Mn 3+ 
and Mn + concentrations are not too different, Zde, ^sei, 
and zse2 are possibly comparable, thus it is reasonable to 
suppose that the SE couplings Jsei, J3E2 both are neg- 
ligibly small in these systems. This could be one reason 
behind the fact that Lao.7Sro.3Mn03 is a unique man- 
ganitc in the sense that it has the highest T c amongst 
the perovskite manganites. In a situation when the SE 
coupling constants are significant, because either zsei or 
ZSE2 does not change by selective substitution, according 
to Eq. 2] Jc("-p) may still have a linear dependence but 
should have a tendency to intercept n p -axis at a certain 
value n p < 1. 

Apart from changes of the z values, the substitution of 
Al or Ti for Mn could cause some additional effects. Be- 
cause they are nonmagnetic, the magnetic coupling will 
be broken at any site they occupy, leading to a weakening 
of long-range FM ordering established by the dominant 
DE interactions and a deterioration of the metallic con- 
ductivity. The selectivity of the substitution also drives 
the Mn 3+ /Mn 4+ ratio away from the optimal 7/3 value 
contributing to developing the non-FM phase. The dif- 
ferences in ionic sizes between Mn and Al and Ti could 
modify the crystal structure, especially the angle and 
length of the Mn — O — Mn couplings. 18 All these factors 
contribute to the degradation of the ferromagnetism and 
metallicity of the manganite system. Nevertheless, the 
linear behavior of T c (n p ) observed in Fig. [SJimplies that, 
within the substitution ranges, those effects are domi- 
nated by the effect of dilution. In addition, there is a sig- 
nificant difference between the two substitutions. While 
the amount of Al substitution reduces the number of hop- 
ping electrons by an equivalent amount, Ti substitution 
does not affect it at all. The shortage of hopping elec- 
trons would possibly explain the large number of Mn 4+ 
redundancy in the LSMA^ compounds. We believe that 
this difference has a link to the reason why the linear 
behavior of T c (n p ) of LSMA^ occurs in a much narrower 
range of dilution (n p < 0.25) than that of LSMT^ where 
Jc(^p) is found linear up to n p — 0.67. It is worth noting 
that T c (n p ) would not follow the linear behavior up to 
n p = 1 as predicted by the MFT because there should 
exist a percolation threshold n c , above which clustering 
occurs and the ferromagnetic network collapses into only 
short-range ordering and superparamagnctism. 

In the case when both Al and Ti are substituted for 
Mn with according n p (Al) and n p (Ti), supposing that 
the ferromagnetic double exchange is totally dominant in 
the system, the dilution concentration of the whole sys- 
tem is determined as n p = 1 — (1 — n p (Al)) (1 — n p (Ti)). 
To check the validity of the MFT analysis in this case, 
the T c (n p ) values of the Lao.7Sro.3Mno.9Alo.07Tio.03O3 
(n p = 0.19) and Lao.7Sro.3Mno.sAlo.14Tio.06O3 (n p = 
0.36) compounds are also added to Figure UJ The data 
fit fairly well the MFT prediction. However, when the 
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superexchange interactions are taken into account, the 
physical scenario for this case will be more complicated 
and may need further detailed investigations. 

IV. CONCLUSION 

We have reexamined the magnetic and transport prop- 
erties of the Lao.7Sro.3Mni_a;M^03 system, where Mn is 
selectively substituted by M 1 = Al or Ti; either Mn 3+ 
or Mn 4+ is selectively substituted for, but M' is ran- 
domly distributed in the Mn network. The analyzes of 
the M(H) measurements and saturation magnetization 
revealed that the substitution appears to not only merely 
dilute the magnetic lattice of Mn ions, but also induce a 
redundancy of Mn ions. We have introduced the selective 
dilution concentration n p and discovered that in certain 
ranges of n p , depending on particular M', T c scales very 
well with n p in linearity, being in good agreement with 
the MFT approximation. The tendency of T c to reduce to 
zero at n p = 1 suggests a dominant role of the DE mech- 
anism in this system; the SE interaction is effectively 
negligible. Remarkably, the linear behavior of T c (n p ) is 



observed in a very wide range of n p in LSMT^ making 
this system an excellent candidate for studies on the ef- 
fects of dilution where T c could be almost independently 
tuned without side effects. It is also proposed that the 
reduction in the number of hopping e g electrons is one 
cause for the difference in the effects of dilution between 
the LSMT^ and LSMA^ compounds. The MFT analyzes 
are found to some extend also valid for the case when Al 
and Ti are both substituted for Mn. 
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